Great efficiency to penetrate into living cells is attributed to carbon nanotubes due to a number of direct and indirect observations of carbon nanotubes inside the cells. However, a direct evidence of physical translocation of nanotubes through phospholipid bilayers and the exact microscopic mechanism of their penetration into cells are still lacking. In order to test one of the inferred translocation mechanisms, namely the spontaneous piercing through the membrane induced only by thermal motion, we calculate the energy cost associated with the insertion of a carbon nanotube into a model phospholipid bilayer using the Single Chain Mean Field theory which is particularly suitable for the accurate measurements of equilibrium free energies. We find that the energy cost of the bilayer rupture is quite high compared to the energy of thermal motion. This conclusion may indirectly support other energy dependent translocation mechanisms such as, for example, endocytosis.
cesses such as endocytosis 29 or phase transitions. 2 Thus, it is quite difficult to identify from these experiments a unique translocation mechanism and discard all other possibilities by studying a particular biological system. From this respect, the microscopic mechanism of nanotube translocation through the membrane remains an open question.
A study of a model system of a phospholipid bilayers without inclusions and comprising of one type of phospholipids may shed light on the plausibility of the spontaneous translocation of carbon nanotubes via rupture and diffusion of the phospholipid bilayer. If we assume that the driving force for the physical translocation of freely moving SWNTs through the homogeneous phospholipid bilayer is indeed thermal motion, then the energy barrier represented by the phospholipid bilayer should be comparable with the energy of thermal motion. Apparently, the energy barrier depends on the orientation of the SWNT with respect to the bilayer. The minimum energy would correspond to the positions inducing less perturbation to the phospholipid bilayer. Since in the perpendicular orientation to the bilayer plane the SWNT interacts with a minimal number of phospholipids, this orientation would have the minimal energy barrier. Other orientations would induce more perturbations to the bilayer and thus would require higher energies. Hence, an accurate estimation of the energy cost of the SWNTs perpendicular translocation through the phospholipid bilayer would allow to conclude about the possibility of such mechanism.
Calculation of equilibrium energies in computer simulations, that provide a microscopic information [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] related to the structure and the dynamics of phospholipid bilayers is not straightforward, since the simulations usually deal with a limited number of molecules in the simulation box subject to fluctuations as well as due to the absence of a suitable reference state. 40, 41 Alternative to computer simulations is the use of mean field type theories that do not include fluctuations and give direct access to the equilibrium free energies as a result of the minimization of the free energy functional. The Single Chain Mean Field (SCMF) theory [42] [43] [44] [45] is particulary suitable for such purposes and, in addition to the speed of calculation and high capability of parallelization, it can provide the microscopic details with the accuracy, competing with coarse-grained Monte Carlo (MC) and Molecular Dynamics (MD) simulations.
The numerical implementation of the SCMF theory was recently improved and the method was applied to model the equilibrium properties of the DMPC phospholipid bilayers in a fluid phase in Ref. 46 . We use the 3-beads model of DMPC phospholipids of this work to model fluid phase of phospholipid bilayer and estimate the free energy of equilibrium insertion of the SWNT in a perpendicular direction to the bilayer plane using different diameters of carbon nanotubes and different parameters of interaction between nanotubes and the core of the bilayer. This gives the microscopic information about the possibility of spontaneous translocation of SWNTs through the phospholipid bilayer by thermal motion. Our model study has a broader interest than only study of biologically relevant translocation mechanisms. For example, AFM tip associated with a carbon nanotube can be used in order to quantify the force of the membrane rupture. [47] [48] [49] [50] 
Free Energy of the Nanotube Insertion
The Single Chain Mean Field (SCMF) theory is relatively fast and stable tool for obtaining equilibrium properties and free energies of soft matter systems with different geometries and molecular structures. 46 A single molecule is described at a coarse grained level with explicit account of intramolecular interactions while the interactions between different molecules are described through mean molecular fields which are found self-consistently.
In the present work the phospholipid molecule is modeled within the 3-beads model with the interaction parameters obtained in Ref. 46 . This model allows for spontaneous self-assembly of phospholipids in bilayers with realistic bulk bilayer properties such as the average interfacial area per lipid at equilibrium, the thickness of the bilayer and its hydrophobic core, and the compressibility constant. These thermodynamic properties rigidly fix the compression -extension energy curve, 46 the output of the SCMF calculations: the minimum of this curve gives the equilibrium area per lipid while its derivative is proportional to the compressibility constant. Thus, this curve gives us confidence in calculated values of the energy upon compression -extension of the bilayer.
The carbon nanotube is modeled as a rigid cylinder of a given diameter which is oriented per- pendicularly to the bilayer plane. More precisely, the carbon nanotube represents a cylindrical region in the simulation box, which is not accessible for phospholipids. We assume that the cylinder can interact with hydrophobic tails of phospholipids, because the driving force for the assembly of the phospholipid bilayer is the hydrophobic interactions and, thus, the interactions between the hydrophobic tails lead to the main contribution in the free energy.
The aim of this work is an accurate measurement of the energy cost of the presence of the SWNT at a fixed position from the bilayer plane. Since the SWNT can perturb the equilibrium structure of the bilayer, the free bilayer may ripe around, bend or displace in order to minimize the perturbation. In order to avoid such movements, the position of the bilayer in our model is restricted by non-interacting walls at the top and the bottom of the simulation box and the periodic boundary conditions are applied on the sides. Since the reference state for the free energy calculation is the energy of unperturbed phospholipid bilayer, we assume that the simulation box represents a small part of a much larger system, where the part of the bilayer outside the box is approximated by the unperturbed bilayer which serves as a reference state. Thus, calculating the free energy of the small box, containing a part of the lipid bilayer, we can construct the free energy of the larger system. We write the total free energy of the system, F, as a sum of the free energy of the simulation box, 
The volume of the bilayer part lying outside of the simulation box, V out l , and the volume of pure solvent outside of the box, V out s , can be expressed via the volume of the unperturbed bilayer in the simulation box, V 0 l , and the equilibrium numbers of lipids in the box with the cylinder, N l , and without cylinder, N 0 l . In addition, we take into account the conservation of the total volume of the system and the total number of lipid and solvent molecules. With this, f 0 l is related to the free energy F 0 box of the box containing the unperturbed bilayer as
while the free energy difference with respect to the reference state of unperturbed bilayer yields in the form
where V box is the volume of the simulation box, and V in cyl is the part of the cylinder lying inside the box. We used 2D cylindrical geometry in order to discretize the space such that the symmetry axis coincide with the axis of the cylinder.
Results and Discussion
We Carbon nanotubes, by their chemical structure, can be considered as hydrophobic cylinders. 51 Such objects in aqueous solutions tend to aggregate in bundles, which make difficult to observe individual SWNT in solution. In order to prevent such aggregation, the surface of the SWNT is often treated with acids or functionalized 26, 51 in such a way that they become slightly hydrophilic. That is why, the energy per contact of the hydrophobic bead with the nanotube, ε T , in our calculations changes from 0, representing steric repulsion, to −6.3 kT, which corresponds to strong attraction (we assume the interaction distance 8.1 nm 46 ). Since SWNTs may have diameters ranging from 1 nm to 5 nm, we have chosen three diameters of the cylinder, 1.00 nm, 2.43 nm and 4.86 nm. The latter diameter is, probably, too big for SWNTs, but it may correspond to multi-walled nanotubes and we include it for completeness.
The free energy cost of the equilibrium insertion of the SWNT as a function of the distance between the SWNT tip and the middle plane of the unperturbed layer for different interaction parameters is shown in [figure] [2] []2. Here the SWNT position −3.14 nm corresponds to the SWNT at the bilayer surface, while the position 3.14 nm corresponds to fully inserted SWNT.
Insertion of slightly hydrophilic SWNT is not favorable and the free energy cost increases with the the pore formation as well as the structure of the pore strongly depends on the hydrophobicity of the nanotube ε T . In the most hydrophilic case, the bilayer core is separated from the nanotube by the layer of heads, while in the most hydrophobic case, ε T = −6.3 kT, the tails touch the surface of the nanotube and one can observe the wetting of the nanotube with a pronounced rim around the nanotube.
[figure] [3] []3 provides also information about the breakthrough distances. The hydrophilic nanotube creates a pore in the bilayer when it is inserted in the middle of the bilayer, in turn, hydrophobic nanotubes have to cross almost the full thickness of the bilayer before piercing it. This behavior is consistent with a similar observation in AFM experiments of AFM tip insertion in SOPC/cholesterol bilayers. 52 The numerical values of the free energy cost of translocation through the bilayer are sum-
The energy cost to cross the bilayer is quite high for all diameters and interaction parameters (hundreds kT). Hydrophilic nanotubes have a positive energy barrier, which may be difficult to overcome by thermal motion, while the attraction between hydrophobic nanotubes and phospholipid tails is high enough to entrap the nanotubes in the core of the bilayer.
Nanotubes with intermediate hydrophobicity exhibit both effects, steric repulsion due to the pore formation and the enthalpic attraction to the core of the bilayer. Thus, the nanotubes with intermediate parameters will have to cross both barriers and the resulting energy cost is the sum of the two barriers. Furthermore, the perpendicular orientation of the nanotube has the lowest energy cost for penetration through the layer. This orientation is not necessary the equilibrium one. For example, the hydrophobic nanotube would preferentially orient itself parallel to the layer in the hydrophobic core, where the nanotube would have more contacts with the core. This orientation will have much lower energies, which are proportional to its length. Thus, we would expect that hydrophobic nanotubes with ε T = −4.2 and −6.3 kT should stick in the hydrophobic core in a parallel orientation.
In turn, hydrophilic nanotubes in a parallel orientation will have more steric contacts with both types of phospholipid beads. Thus, the positive barrier would be higher. The translocation through the bilayer also implies the diffusion of the nanotube in a correct orientation close to the bilayer.
This would require additional time, thus effectively increasing the energy barrier. High values of the energy barrier can be understood with the help of a simple estimation. If we consider that the cylinder with the radius R cyl = 1.2 nm simply moves apart the lipids and creates a pore with the radius R cyl + R bead , where R bead = 0.4 nm is the radius of the bead of in the phospholipid molecule, the pore formation energy is due to breaking contacts between phospholipids lying close to the edge of the pore. Taking into account that the perimeter of the pore is 2π(R cyl + R bead ) ∼ 10 nm, the area per lipid is 60 Å 2 , the energy per lipid due to tail-tail contacts in the 3-beads model is ∼ −20 kT and assuming that lipids loose half of the contacts and the membrane is a double layer, we find that the number of lipids at the edge is ∼ 26, i.e. the energy cost for the formation of the pore is ∼ 260 kT, which is comparable by the order of magnitude but higher than the calculated value of 192 kT. The discrepancy is due to contributions of the heads and the rearrangements of the lipids around the pore in order to minimize the energy cost, which does not have a sharp edge. Note, that this energy is comparable with the energy of breaking a chemical bond since typical values of bond energies are also hundreds kT. 53 The calculated equilibrium force of hundreds pN corresponds to the energy of hundreds kT, which is extremely high energy at the molecular level. However, the nanotube can pierce the phospholipid layer if the external force is applied. Carbon nanotubes can be fixed on AFM tip and they can be used as "nano-injectors" or nano-probes. 47 Such combination of AFM and carbon nanotube can be used for force measurements. The measurements on living cells 48 have shown that the force of penetration depends on the location over the cell membrane and, possibly, many other factors, especially if the cytoskeleton is involved in the response to the stimulus. The minimal force for piercing of cell membrane measured in these experiments is of order 100 pN, i.e. even higher than suggested by our calculations.
The strength of our method is the direct and accurate calculation of free energies at equilibrium, that allow for judgement about the possibility of spontaneous translocation through the bilayer.
The forces obtained in non-equilibrium MD simulations of nanotube penetration with a constant speed 54 are several times higher than in our calculations and they depend on the speed of pulling, since the layer needs some time to accommodate its structure to the external perturbation. Hence, these calculations at low speed can represent an upper limit for the equilibrium free energy. In contrast, the SCMF method gives directly the equilibrium and average picture which does not show the positions of individual phospholipids but the average concentration profiles. That is why our equilibrium mean field "snapshots" and average concentration profiles look different from the simulation snapshots of non-equilibrium piercing. 54 The results with different diameters of nanotubes suggest that the thinner is a nanotube, the less is the energy barrier. Thus, we may conclude that larger objects such as multi-walled carbon nanotubes composed of several graphitic concentric layers 51 and having diameters more than 4 nm will have even larger energy barrier, which require the application of an external force to pierce through the bilayer. Finally, an illustration of strong resistance of phospholipid bilayers against piercing is provided in the experiments with microtubules (rigid cylinders of 30 nm in diameter)
growing inside the phospholipid vesicles. 55 Growing microtubule exert force on the inner wall of the vesicle at both ends, which leads to large deformation of the surface of the vesicle and the buckling of the microtubule.
Conclusions
The SCMF theory is used for accurate measurements of the energy cost associated with the perpendicular insertion of carbon nanotubes of different diameters in the phospholipid bilayer. This method gives direct access to the equilibrium free energy and provides microscopic information about the structural rearrangements of the phospholipid bilayer around the inserted nanotubes. This These results for homogeneous nanotubes may also indicate the ways to reduce the energy cost of translocation through the phospholipid bilayers. For example, inhomogeneous patterning of the nanotube surface can help in design of nano-objects which can freely pass through or preferentially associate with the phospholipid bilayers.
The predicted energy of the bilayer rupture due to the perpendicular insertion of a carbon nanotube can be directly verified by the force measurements of the insertion of the AFM tip func-tionalized with a carbon nanotube.
Method: Single Chain Mean Field theory
The SCMF theory describes a single molecule surrounded by the mean fields. [42] [43] [44] 46 It 
where Z is the normalization constant, H intra (Γ) is the internal energy of the conformation Γ, 
These equations, ??, ??, ??, define the closed set of nonlinear equations for the probabilities of conformations and the mean fields. Solution of these equations gives the equilibrium properties of the system and the equilibrium free energy of the simulation box, which is written 46 in units kT as 
where κ is the number of conformations in the sampling {Γ} and all the averages, denoted by angular brackets are taken as averages over the sampling with probabilities ρ(Γ) in analogy to ??
and ??.
The calculation time of one point in the energy curve and full set of microscopic data of the bilayer configuration takes less than 1 day on a single 32-core machine. This time can be drastically decreased by taking advantage of high capability of parallelization of the SCMF method, which allows to use more computers and processors.
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